A s the cost of N continues to increase, alternatives are being sought to reduce use of fossil-fuel-derived fertilizers. In the North America northern Great Plains (NGP) the use of leguminous green manures can be used to reduce fertilizer N requirements. Inclusion of green manures instead of fallowing not only reduces dependence on fossil fuel-derived fertilizer but can also be used to boost yields or as an organic farming fertilizer source.
Limited soil water availability during critical growth stages reduces crop production in the semiarid Great Plains (Nielsen et al., 2002 (Nielsen et al., , 2009 ) restricting cropping options. Typically, wheat (Triticum aestivum L.)-fallow rotations have been used in the Great Plains to increase soil water storage during fallow periods (Greb et al., 1970) . Summer fallow area has, however, decreased steadily in the past decade. For instance, in Montana wheat plantings following fallow decreased from 1.55 million ha in 1999 to 1.26 million ha in 2008 1.26 million ha in (NASS, 2009 . Precipitation storage effi ciency during fallow periods ranges from about 15 to 40% (Black and Power, 1965; Tanaka and Aase, 1987; Peterson et al., 1996) , with the greater values reported for reduced and no-till systems. Th ough the practice of summer fallow increases soil water for subsequent crops, detrimental eff ects of fallow are well documented and include decreased soil organic C and N, decreased mineralizable C and N, increased soil erosion, and development of saline seeps (Black et al., 1981; Janzen, 1987; Campbell et al., 1990; Wienhold et al., 2006) .
Research on green manure in the NGP is not new; literature dates back to 1917 (Pieters, 1917) . In his summary, Pieters in 1917 concluded that conditions in the Great Plains do not warrant the use of leguminous green-manure crops. Army and Hide (1959) tested this hypothesis and reported that use of green manure crops grown during part of the fallow period had no benefi cial impact on wheat yield, test weight, or protein content. Since then, technology changes warrant a reevaluation of this concept.
Less water-intensive rotations have used pulse crops with great success in the North America NGP (Karamanos et al., 2003; Miller et al., 2003a) . Miller et al. (2003b) noted that pea (Pisum sativum L.) or lentil harvested for seed provided rotational benefi ts leading to increased wheat yield compared with continuous wheat.
When Indianhead lentil was grown in place of fallow in a spring wheat-fallow system in northeast Montana and lentil growth was terminated at full bloom, wheat yield was reduced by 25% (Pikul et al., 1997) . Th e authors attributed the yield reduction primarily to less available N in the green fallow system (Pikul et al., 1997) . Th at study reported no diff erences in soil water content at wheat planting between the wheat-fallow system and the wheat-legume fallow system. Vigil and Nielsen (1998) and Nielsen and Vigil (2005) reported on replacing a portion of the fallow period in winter wheat-fallow systems in the central Great Plains with legume production and found subsequent wheat yields were greatly diminished following legume growth due to water use by the legume. Vigil and Nielsen (1998) concluded that the reduction in wheat yields, even with early legume termination dates, was too great to be economically off set by savings due to not applying fertilizer N in the legume fallow system.
Legumes used as soil-improving and soil-conserving crops have historically been an integral part of crop-rotation strategies. Drinkwater et al. (1998) suggested that inclusion of legumes in cropping systems increased markedly the turnover and retention of soil N and SOC to improve ecosystem function and soil quality. In a long-term trial in Saskatchewan Canada, Zentner et al. (2001) showed that the fertilizer N requirement was about 9 kg ha -1 lower for a wheat-lentil than continuous spring wheat rotation. Annual-legume species that are used for green manure have diff erent N 2 -fi xation capabilities and water-use effi ciencies. Biederbeck and Bouman (1994) reported that annual legumes that produced high quantities of biomass had higher water-use effi ciencies than legume species that produced less biomass. Townley-Smith et al. (1993) tested productivity, water use, and N 2 fi xation of the same legumes used by Biederbeck and Bouman (1994) and found that Indianhead lentil had the best potential as a green-manure because of low seed cost and intermediate top-growth N yield.
Th e lack of published data and need for improved soil nutrient management practices justify further investigation of the suitability and eff ectiveness of green manure as a replacement for fallow to off set fertilizer N needs without adversely aff ecting the subsequent wheat crop productivity. Th e objective of this study was to determine the long-term eff ects of diff erent management practices, including green manure and fallow rotations managed either chemically or mechanically, on soil-N fertility, SOC, water use, yield, and WP of spring wheat in a wheat production system in the NGP.
MATERIALS AND METHODS
Th e fi rst 5 yr (1991) (1992) (1993) (1994) (1995) of this experiment were published previously by Pikul et al. (1997) and are included here for the benefi t of the reader plus an additional 7 yr (1996) (1997) (1998) (1999) (2000) (2001) (2002) of the continued experiment. Th e study was located 11 km north of Culbertson, MT, on a Williams loam with about 3% slope. Th e experimental design was a randomized complete block with four replications and fi ve treatments. Plots were 12 m wide and 15 m long. Both phases of each rotation were present every year, for a total of 36 plots.
Th e fi ve treatments were conventional fallow-spring wheat with mechanical (MF) or chemical (CF) weed control, green manure/fallow-spring wheat with mechanical (GMMF) or chemical (GMCF) management, and annually cropped spring wheat (ACW). Stubble remained on CF from harvest until wheat seedbed preparation nearly 21 mo later. In CF, glyphosate [N-(phosphonomethyl) glycine] and 2, 4-D (2, 4-di-chlorophenoxyacetic acid) were used as necessary to control weeds. Glyphosate was applied at 3.1 kg ha -1 and 2,4-D was applied at 0.54 kg ha -1 . In MF, wheat stubble remained standing during the fi rst winter aft er harvest. Medium-crown sweeps and a rodweeder were used about three times during each summer to control weeds. Before seeding spring wheat, both MF and CF treatments received 34 kg N ha -1 broadcast as NH 4 NO 3 . Th is rate of N fertility represented the average rate of N applied to fallow-wheat sequences in northeastern Montana (T. Angvick, Montana State Univ. Extension, Sheridan county, personal communication, 1991) . Seedbeds for both MF and CF treatments were prepared with a tandem disk followed by toolbar sweeps and rodweeder until 1997. During and aft er 1997, CF treatments followed complete no-till management (including no tillage before planting). Plots were seeded to 'Lew' spring wheat at about 2.1 million viable seeds per ha -1 using a drill with double disk openers with 0.2-m row spacing.
Two treatments were in a green manure fallow-spring wheat rotation. During part of the summer portion of the fallow year, Indianhead lentil was grown as a green manure crop and terminated either mechanically by disking (GMMF) or by herbicides (GMCF). In most years lentils were killed at approximately full bloom (normally mid-July). In 1994 and 1995, lentils were killed shortly aft er pods were set in the lower portion of the plant. Termination dates are shown in Table 1 . A mixture of glyphosate (3.1 kg ha -1 ) and 2,4-D (0.54 kg ha -1 ) was used to kill lentil on GMCF. Wheat stubble remained on GMCF from harvest, glyphosate was used for pre-plant weed control, and lentil was Table 1 . Dates of planting, green manure (lentil) termination, fi rst and last yearly soil water measurements, and growing season precipitation for the 12-yr study of green manure (lentil) fallow or conventional fallow for a wheat-fallow rotation in the semiarid northern Great Plains. no-till seeded. On GMMF, the seedbed was prepared for lentil similarly to that previously described for tilled spring wheat. Lentil was inoculated with Sow-Fast (Loveland Industries, Greeley, CO) at 1.5 g kg -1 seed. Both GMMF and GMCF treatments were seeded approximately at 59 kg ha -1 using a John Deere 750 no-till drill with 0.19 m row spacing. Seeding dates ranged from 20 April to 21 May (Table 1 ). In the spring, seedbeds for wheat were prepared on both treatments similar to the MF and CF treatments until 1997. During and aft er 1997, complete no-till management was followed for the CF and GMCF treatments. No inorganic fertilizer was applied to either green manure treatment. Th e annually cropped spring wheat (ACW) treatment had the same seedbed preparation and fertilizer rate as the MF treatment.
Wheat seeding date and rate were the same for all treatments in a given year. Seeding was as early as 2 April and as late as 21 May, depending on yearly weather conditions (Table 1) . A mixture of glyphosate (3.1 kg ha -1 ) and 2,4-D (0.54 kg ha -1 ) was used for postharvest weed control in 1992 and 1995 on all treatments. Crop residue from all treatments was returned to the soil.
Pre-plant and postharvest soil water during the growing season were measured using neutron attenuation to a depth of 1.8 m at 0.30-m increments in 1991 through 1995. Metal access tubes (38 mm inside diam.) for these measurements were located in the center of each plot. Aft er 1995, pre-plant and postharvest soil samples were used to assess soil water. Soil samples were taken to a depth of 0.9 m in 1997 and 1999, and to a depth of 1.2 m in 2000 through 2002. Samples were dried at 25°C for 7 d in a forced air oven and a correction factor for gravimetric soil moisture was determined on a separate group of representative samples that were oven dried at 105°C for 24 h. Volumetric soil moisture was calculated using soil bulk density values from plots sampled in 1995. To better estimate soil water in the 0-to 0.15-m depth of CF and GMCF treatments that were in strict no-till management beginning in 1997 a separate soil bulk density measurement was taken in an adjacent fi eld that had diff erent plots managed with no-till and tillage practices similar to those used in the current study. Soil moisture was not recorded for the 1996 or 1998 seasons. Seasonal water use (WU), which is combined evaporation and transpiration water loss was calculated as: WU = Rain -(Soil water 2 -Soil water 1 )
[1]
where Rain is the amount of seasonal precipitation, Soilwater 1 is initial soil water depth and Soil water 2 is fi nal soil water depth. Calculations are based on the assumption that there was no water runoff from or run on to the plots and that drainage and soil water extraction below the soil sample depth was negligible. Soil nitrate concentrations were determined before wheat planting and fertilizer application. Samples for the 1993, 1994, and 1996 wheat crop-year were collected during the previous fall (late October of 1992 (late October of , 1993 (late October of , and 1995 . Samples for the 1992 crop-year were not taken. Samples for the 1995 crop were collected in April 1995. Beyond 1995, soil samples were collected every spring and fall (except in 1998 when no soil samples were taken). Soil samples were taken to a depth of 0.60 m. Composite samples consisting of three soil cores per plot, 35.6 mm in diameter were segmented into sample increments of 0.0 to 0.08 m, 0.08 to 0.15 m, 0.15 to 0.30 m, and 0.30 to 0.60 m increments. Samples were oven-dried at 25°C for 7 d and ground to pass through a 2-mm sieve before analysis for nitrate using an Alpkem rapid fl ow analyzer (Alpkem Corp., College Station, TX) as reported by Pikul et al. (1997) .
An approach using growing season change in nitrate N was used to identify diff erences between the various treatments. Th e nitrate-N change was calculated by subtracting inputs (fertilizer and spring soil nitrate) from outputs (crop residue and grain N and residual fall soil nitrate). Th e diff erence between N inputs and outputs represents a growing season change in nitrate N. A positive value signifi es nitrate-N evolution while a negative value signifi es nitrate-N loss from the system. Soil organic C sampled to a depth of 0.15 m before planting in Spring 1991 and to a 0.30 depth in 0.15 increments in Fall 2001 were measured using a Carlo Erba NA 1500 C-N analyzer and LECO FP-2000 C-N analyzer, respectively.
Spring wheat grain and straw yield were harvested as described by Pikul et al. (1997) . Samples were obtained by cutting bundles at soil level from fi ve adjacent 1-m long rows (1-m 2 area) from six locations in each plot. Bundle samples were weighed and threshed, then the grain was weighed and straw yield was determined. Grain protein was determined on ground whole seeds using near-infrared spectroscopy (NIRS). In the GM treatments, lentil biomass was sampled in a like manner. Samples were air dried, weighed and ground for N analysis. Total plant and grain N was measured using a Carlo Erba NA 1500 C-N analyzer for samples taken in 1991, 1992, and 1993 ; by Kjeldahl analysis in 1994 and 1995; and by LECO FP-2000 C-N analyzer in the remaining years.
Statistical analysis methods were the same as those reported for the fi rst 5 yr of experimental data (Pikul et al., 1997) . Briefl y, one-way ANOVA was used to test for signifi cant diff erences among treatments by year for yield, N, water use, WP, and SOC. Mean separation was determined using least signifi cant diff erences (LSD) at P < 0.05 (SAS Institute, 2007) . Lentil biomass and biomass N content on the two green manure treatments were compared using ANOVA.
RESULTS AND DISCUSSION
Indianhead lentil was used for this green manure experiment because this legume has intermediate topgrowth N yield. Seeding rates were greater than those used in other studies to combat a persistent green foxtail [Setaria viridis (L.) P. Beauv.] weed problem. Green foxtail was virtually eliminated by the dense, closed canopy of Indianhead lentil.
Th roughout the study, an attempt was made to minimize water use and maximize N-production by generally terminating the lentil crop at an appropriate time that was dependent on available water. In 1991 to 1993 and 1996 to 2002 lentils were killed at full bloom, while in 1994 and 1995 lentils were killed at pod set (Table 2 ). Lentil biomass, WP and aboveground N content for the GMMF or GMCF treatments was similar (P > 0.05) in any given year (Table 2) . Th e average lentil biomass N concentration of 23.7 g kg -1 was slightly lower than that reported by Zentner et al. (1996) where N concentration was 27.6 g kg -1 for Indianhead lentil green manures in a southwestern Saskatchewan, Canada study.
Water use in 1994 and 1995 was greater under GM than WFR and averaged 327 and 272 mm, respectively (Table 2) . Other diff erences in water use were observed in 1997 when GMCF used signifi cantly less water than either MF or GMMF. Reduced tillage for GMCF and CF treatments aft er 1996 (the beginning of complete no-till management) may have increased infi ltration and the resultant residue cover limited evaporation of the late season precipitation. However, few diff erences in water use throughout the study suggest that soil water evaporation rate on the fallow treatments was about equal to water use of the green-manure treatments when lentil was terminated at full bloom. Th ough this study did not focus on mechanisms aff ecting soil-water evaporation, surface residues and diff erences in soil-water content near the surface typically infl uence evaporation rate (Hammel et al., 1981; Pikul et al., 1985) . Water use and WP for comparable levels of lentil dry matter were similar to those reported by Biederbeck and Bouman (1994) in Saskatchewan, Canada.
Wheat grain yield following GM in the fi rst 5 yr of the study generally was less than wheat aft er WFR (Table 3) . During the last six-years of the study, wheat yield was similar (P < 0.05) between GM and WFR treatments. As with grain yield, wheat protein initially was less for wheat following GM than wheat following WFR. But aft er two complete cycles (4 yr) of the wheat-GM rotation, in only one instance was protein lower in GM than WFR. Moreover, in two instances protein was greater in GM than WFR. In 1999, GMMF had higher protein than either of the fallow treatments that received inorganic fertilizer. Th ese results suggest that it takes several years for leguminous green manure in the semiarid NGP to build soil N to suffi cient levels to rival commercial N application for wheat production.
Lower wheat yield in 1995 and 1996 may be related to late termination dates of lentils in 1994 and 1995 (Table 3) . In 1996, wheat yields were even less than continuous wheat, and grain density was lower although protein was not signifi cantly diff erent. Water use in 1995 was less in the continuously cropped treatments than the fallow treatments. Lower water use was attributed to less soil water at the beginning of 1995 due to greater water use by lentils in 1994.
Water productivity for spring wheat before 1996 was generally lower in GM than WFR treatments (Table 3) . Th ereaft er, WP was similar in GM and WFR treatments, except in 2002 when MF was unexpectedly greater than CF and GMMF, for which we have no supportive explanation. Annually cropped wheat typically had decreased or similar grain yield, protein, grain density, water use, and WP than GM or WFR treatments (Table 3) .
Aft er 1996 and the adoption of complete no-till management, mechanically tilled treatments used more water than chemically treated (no-tilled) plots in four of 5 yr (Table 4) . Th is diff erence was signifi cant in 1997 and 2002, where mechanical control treatments (MF and GMMF) had greater water use than chemical control (CF and GMCF) treatments. Th e greater water use with mechanical control treatments can be ascribed to the increased evaporation associated with soil stirring and decreased surface residues.
Generally the WFR treatments had greater grain N uptake than the other treatments (Table 5) . Rice et al. (1993) had similar results and reported that in Alberta, Canada N yield was 8% greater in barley following fallow than barley following Indianhead lentil. Aft er 1996, there were no diff erences in grain N uptake between WFR and GM, indicating that two to three cropping cycles are needed for GM treatments to produce similar N yield as fertilized fallow/cropped systems. Annually cropped wheat consistently had lower (P < 0.05) grain N uptake than WFR treatments for all years and GM treatments for the last 5 yr. Soil nitrate concentrations generally followed the same trend as did grain N uptake. Signifi cant diff erences were apparent during the fi rst several years of the study for both spring and fall soil nitrates but aft er 1996 fewer diff erences between WFR and GM existed. Th e 1999 spring and 2001 and 2002 fall nitrate N amounts were higher in GM than WFR and ACW.
In 1995 the CF treatment had the largest growing season change in nitrate N although not signifi cantly diff erent than either of the lentil treatments (Table 5 ). All treatments except MF were greater than ACW. Th ese fi ndings were consistent with Campbell et al. (1996) . Continuous wheat had the lowest nitrate-N balance (except in 1997) throughout the study period and even became negative in the last 2 yr of the study. Between 1995 and 2002, GM had nitrate-N balance values similar to or greater than all other treatments. Th ese results suggest that lentils increased available N. Nitrogen losses (e.g., leaching and denitrifi cation) were not measured, as the potential is low for these processes in the NGP compared to other production systems (Ju et al., 2009 ). Fallow season lentil dry matter (DM) yield, N content, and water productivity (WP) under green manure (lentil) fallow  and full-season water use under conventional fallow and green manure (lentil) fallow with mechanical or chemical 236  239  282  234c  312c  -272a  -340bc  297  283  227   CF  239  234  277  236c  307c  -244ab  -335c  311  275  219   GMMF  257  257  295  292b  340b  -264a  -390a  318  269  273   GMCF  251  257  292  315a  361a  -219b  -376ab  325  280 251 † Means in columns followed by different letters are signifi cantly different using analysis of variance and least signifi cant differences at P = 0.05. Absence of letters following column means indicates treatments were not signifi cantly different at the 0.05 level.
‡ Calculated on lentil growing season water use (from planting to termination date in Table 1 ). § Water use was between fi rst and last measurements of the year (Table 1) Soil organic C concentration in the surface 15 cm following 11 yr of cropping was greater (P < 0.05) in treatments with chemical management (CF and GMCF) than with mechanical management (MF and GMMF) ( Table 6 ). Th ese results are similar to other reports of decreased SOC with tillage (Franzluebbers et al., 1999; Halvorson et al., 2002) . Soil organic C was slightly greater in GM than in WFR, but the diff erence was not signifi cant at the 0.05 level. Th ough SOC decreased with surface depth, diff erences between fallow type (GM and WFR) or mechanical and chemical management at the 0.15 to 0.30 m depth did not reach a level of statistical signifi cance (P < 0.05).
CONCLUSIONS
Previous research on the use of green manures in the NGP has been inconclusive with some studies advocating and some discounting green manure benefi ts and usefulness. Our work shows that in 6 yr out of 7 yr measured, water use of Indianhead lentils for green manure terminated at full bloom was not signifi cantly diff erent than evaporation from conventionally fallowed treatments. Allowing lentils to produce seed signifi cantly increased water use. Th ree complete cycles of wheat-lentil (6 yr) were required for lentils to increase soil nitrate, wheat yield, and grain protein to comparable levels of conventionally fertilized wheatfallow plots. Th ese results suggest that green manures in the NGP may be a viable alternative to application of conventional N fertilizers in a spring wheat-fallow system. Lower soil organic C in mechanically managed fallow systems compared to chemically managed systems reinforces the need to identify sustainable cropping systems that maintain or build SOC. 1.8c -13.5b -13.0c † CF, chemical fallow; MF, mechanical fallow; GMCF, chemical green manure (lentil) fallow; GMMF, mechanical green manure (lentil) fallow; ACW, annually cropped wheat. ‡ Means in columns followed by different letters are signifi cantly different using analysis of variance and least signifi cant differences at P = 0.05. Absence of letters following column means indicates treatments were not signifi cantly different at the 0.05 level. § Growing season change in nitrate N was calculated by subtracting inputs (fertilizer and spring soil nitrate) from outputs (crop residue and grain N and residual fall soil nitrate).
